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(57) ABSTRACT 
Simulation of thermal fluid-structure interaction using bulk 
flow fluid elements (BFFEs) is described. Each BFFE is con 
figured to include the following characteristics: 1) at least one 
Surrounding layer of Solid elements representing either the 
Surrounding structure or the pipe wall; 2) a layer of shell 
elements or Bulk Node Segments representing the outer 
boundary of the fluid; 3) a Bulk Node at the center of the 
BFFE for defining fluid properties (e.g., density, specific 
heat) and Volume (i.e., fluid volume is calculated as the 
enclosed volume between the Bulk Node and all of the Bulk 
Node Segments that surround it); 4) a fluid flow beam element 
or Bulk Node Element for defining fluid flow path to another 
BFFE; and 5) a contact interface between the solid elements 
and the shell elements for conducting fluid-structure thermal 
interaction. 

20 Claims, 7 Drawing Sheets 
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FIG. 5A 500 

502 
Receive one or more bulk flow fluid and path definitions 

504 

Define a series of fluid slugs, each with a center node 
representing a portion of the fluid along the flow path 

506 
Define a fluid beam element at each node for fluid flow 

direction between two connecting slugs 

508 
Assign fluid properties (e.g., volume, density, heat 
capacity and thermal conductivity) at each node 

510 

Generate at least one layer of solid elements for each 
fluid Slug as Surrounding Structure Or pipe 

512 
Generate a layer of shell elements for each fluid slug 

as outer boundary of the fluid 

514 
Create a COntact interface between each Shell 
element and corresponding surface of the 

surrounding solid elements for thermal interaction 
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FIG. 5B 500 
G.) COntinue 

520 

Define initial boundary Conditions (e.g., temperature 
of the structure and/or fluid, fluid speed) for thermal 

interaction Simulation in time domain 

522 COnduct thermal interaction Simulation 
between the fluid and the Structure Via 
radiation and Convection between each 

fluid slug and surrounding Solid 
elements, and between fluid slugs 

aSSOCiated With fluid beam element in 
the fluid flow direction Via Conduction 

and advection 

524 
Increment simulation time (solution cycle 

time) by a time increment At 

526 

nO End Of 
Simulation 

yes 

END 
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1. 

THERMAL FLUID-STRUCTURE 
INTERACTION SIMULATION INFINITE 

ELEMENT ANALYSIS 

FIELD OF THE INVENTION 

The present invention generally relates to computer-aided 
engineering analysis for a structure (e.g., metal stamping 
tools), more particularly to, performing time-marching ther 
mal fluid-structure interaction simulation of bulk flow fluid in 
a finite element analysis used for designing a structure. 

BACKGROUND OF THE INVENTION 

Finite element analysis (FEA) is a computer implemented 
method widely used in industry to model and solve engineer 
ing problems relating to complex systems such as three 
dimensional non-linear structural design and analysis. FEA 
derives its name from the manner in which the geometry of 
the object under consideration is specified. With the advent of 
the modern digital computer, FEA has been implemented as 
FEA software. Basically, the FEA software is provided with 
a model of the geometric description and the associated mate 
rial properties at each point within the model. In this model, 
the geometry of the system under analysis is represented by 
Solids, shells and beams of various sizes, which are called 
elements. The vertices of the elements are referred to as 
nodes. The model is comprised of a finite number of elements, 
which are assigned a material name to associate with material 
properties. The model thus represents the physical space 
occupied by the object under analysis along with its immedi 
ate surroundings. The FEA software then refers to a table in 
which the properties (e.g., stress-strain constitutive equation, 
Young's modulus, Poisson’s ratio, thermal conductivity) of 
each material type are tabulated. Additionally, the conditions 
at the boundary of the object (i.e., loadings, physical con 
straints, heat flux, etc.) are specified. In this fashion a model 
of the object and its environment is created. 
FEA is becoming increasingly popular with automobile 

manufacturers for designing and optimizing many aspects of 
manufacturing of a vehicle Such as aerodynamic perfor 
mance, structural integrity, part manufacturing, etc. Simi 
larly, aircraft manufacturers rely upon FEA to predict air 
plane performance long before the first prototype is ever 
developed. One of the popular FEA tasks is to simulate metal 
forming (e.g., sheet metal stamping or metal part forming) 

Metal forming is referred to as a process of manufacturing 
of thin sheet metal parts or workpieces (e.g., fenders, chan 
nels, hub caps, stiffeners, etc.). It involves stretching, drawing 
and bending a sheet of metal into a desired shape using a 
hydraulic press 100 that includes at least one upper tool or 
punch 112 and one lower tool or die 114 shown in FIG. 1. 
Stamped metal parts 113 are created when the punch 112 is 
pressed onto the die 114 in a downward direction shown by 
arrow 110. Metal forming may also be referred to as a process 
of manufacturing metal fasteners such as bolts, screws or 
rivets. Many of the metal forming process require heat to 
soften the metal (e.g., sheet, bar, tube, wire, etc.) before 
pressure is applied to alter the shape of the metal to a desired 
shape. 

During hot metal forming process, the heat is transferred 
from the heated metal piece 113 to the die when the punch 112 
is pressed to the die 114 each time. In producing certain metal 
parts, the die 114 needs to be cooled down to a particular 
temperature range after one or more presses. Instead of cool 
ing naturally, using a cooling system can increase the cooling 
efficiency thus increasing productivity of the metal-forming 
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2 
press. Generally, faster cooling can be achieved with cooling 
fluids flowing through one or more cooling fluid passages 
115, which generally are embedded inside the die 114. Cer 
tain arrangements or placements of the cooling fluid passages 
115 would increase cooling efficiency thereby increasing pro 
ductivity further. However, the die 114 is a very expensive to 
manufacture. Physical trial-and-error approaches to experi 
mental determine the best arrangement of cooling passages is 
too costly. 

Therefore, it would be desirable to have a computer imple 
mented method of simulating thermal fluid-structure interac 
tion of bulk flow fluid in finite element analysis used for 
designing a structure, for example, thermal interaction 
between cooling fluids and a die of a metal forming press. 

BRIEF SUMMARY OF THE INVENTION 

This section is for the purpose of Summarizing some 
aspects of the present invention and to briefly introduce some 
preferred embodiments. Simplifications or omissions in this 
section as well as the abstract and the title herein may be made 
to avoid obscuring the purpose of the section. Such simplifi 
cations or omissions are not intended to limit the scope of the 
present invention. 
The present invention discloses a system, method and Soft 

ware product for simulating thermal fluid-structure interac 
tion of bulk flow fluids in finite element analysis used for 
designing a structure, for example, cooling of a die in hot 
metal forming process. According to one aspect of the present 
invention, bulk flow fluids used for cooling are placed in one 
or more fluid flow paths. In one example, the paths are embed 
ded passages of a metal forming die. In another, the paths are 
enclosed in a pipe containing cooling fluid. Each of the fluid 
flow paths has an inlet and an outlet and each having an 
arbitrary shape and orientation in three-dimensional space 
there between. Cross-section of the fluid path comprises a 
simple closed two-dimensional geometric shape Such as 
circle, ellipse, or polygon (e.g., triangle, quadrilateral, penta 
gon, etc.). A contiguous series of lumped homogeneous Vol 
ume offluid or fluid slugs is defined along each fluid flow path 
with each slug represents a portion of the bulk fluid contained 
therein. Each fluid slug can be modeled or represented by a 
bulk flow fluid elements (BFFE) described below. 

According to another aspect, each BFFE is configured to 
include the following characteristics: 1) at least one Surround 
ing layer of Solid elements representing either the Surround 
ing structure or the pipe wall; 2) a layer of shell elements or 
Bulk Node Segments representing the outer boundary of the 
fluid; 3) a Bulk Node at the center of the BFFE for defining 
fluid properties (e.g., density, specific heat) and Volume (i.e., 
fluid volume is calculated as the enclosed volume between the 
Bulk Node and all of the Bulk Node Segments that surround 
it); 4) a fluid flow beam element or Bulk Node Element for 
defining fluid flow path to another BFFE; and 5) a contact 
interface between the solid elements and the shell elements 
for conducting thermal fluid-structure interaction. 

According to yet another aspect, Bulk Node can be defined 
by known methods, for example, coordinate (x,y,z) in a Car 
tesian coordinate system in three-dimension space, where X, 
y and Z are real numbers and coordinate (x,y,z) uniquely 
defines a point in space. Each Bulk Node Segment is either a 
quadrilateral or triangular Surface area representing pipe wall 
or fluid passage surface, which surrounds the Bulk Node. 
Within a BFFE, heat exchange orthermal interaction between 
the Bulk Node and each of the Bulk Node Segments is 
through convection and radiation. Bulk Node Element asso 
ciates one BFFE to another by connecting respective Bulk 
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Nodes. This allows calculation of the conduction and advec 
tion thermal interaction or heat exchange between respective 
Bulk Nodes in the flow direction. 

According to still another aspect, an initial boundary con 
dition (e.g., temperature at certain locations) is defined before 
a simulation of thermal interaction of a structure containing 
one or more BFFEs can start. The simulation can be con 
ducted using a time-marching or time-domain solution using 
a finite elementanalysis software module. In a time-marching 
Solution, a plurality of solution cycles are performed starting 
at the initial time (e.g., t-0). At each Subsequent Solution 
cycle, the simulation time is advanced by a time increment 
(At). At each solution cycle, thermal interaction or heat 
exchange is calculated at each BFFE and between two con 
nected BFFEs. The connected BFFEs are associated by the 
fluid flow beam element (i.e., Bulk Node Element). 

According to one embodiment, the present invention is a 
method of designing a structure using a time-marching ther 
mal fluid-structure interaction simulation in a finite element 
analysis. The method comprises at least the following: receiv 
ing a bulk flow fluid and path definition that includes one or 
more flow paths in the structure; defining a plurality of fluid 
slugs along each of the flow paths, the plurality of fluid slugs 
is represented by at least a first bulk flow fluid element 
(BFFE) and a second BFFE, wherein each of the first and 
second BFFEs comprises a set of thermal interaction charac 
teristics pertinent to corresponding one of the fluid slugs, and 
the first BFFE and the second BFFE are connected to each 
other in flow direction of said each of the flow paths; and 
designing a desirable configuration of the structure based on 
finite element analysis results obtained by conducting a time 
marching thermal interaction simulation of the structure at a 
plurality of solution cycles, wherein the finite element analy 
sis results comprises effects from a first thermal interaction at 
said each of the first and second BFFEs and from a second 
thermal interaction between the first BFFE and the second 
BFFE at each of the solution cycles. 

Other objects, features, and advantages of the present 
invention will become apparent upon examining the follow 
ing detailed description of an embodiment thereof, taken in 
conjunction with the attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other features, aspects, and advantages of the 
present invention will be better understood with regard to the 
following description, appended claims, and accompanying 
drawings as follows: 

FIG. 1 is a perspective view of a metal forming press and a 
blank metal piece; 

FIG. 2A is a diagram showing a first exemplary fluid flow 
path that may be used in accordance with one embodiment of 
the present invention; 

FIG. 2B is a diagram showing a plurality of second exem 
plary fluid flow paths that may be used in accordance with 
another embodiment of the present invention; 

FIG. 3 is a perspective view showing an exemplary bulk 
flow fluid element in accordance with one embodiment of the 
present invention; 

FIG. 4A is a diagram showing a plurality of exemplary 
fluid slugs representing fluid inside a pipe or along a flow 
path, according to an embodiment of the present invention; 

FIG. 4B is a cross-section view showing, in axial direction, 
the exemplary bulk fluid flow path of FIG. 4A; 
FIGS.5A and 5B collectively show a flowchart illustrating 

an exemplary process of simulating thermal fluid-structure 
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4 
interaction using bulk flow fluid element in a finite element 
analysis of a structure, according to an embodiment of the 
present invention; and 

FIG. 6 is a function diagram showing salient components 
of a computing device, in which an embodiment of the present 
invention may be implemented. 

DETAILED DESCRIPTION 

In the following description, numerous specific details are 
set forth in order to provide a thorough understanding of the 
present invention. However, it will become obvious to those 
skilled in the art that the present invention may be practiced 
without these specific details. The descriptions and represen 
tations herein are the common means used by those experi 
enced or skilled in the art to most effectively convey the 
substance of their work to others skilled in the art. In other 
instances, well-known methods, procedures, components, 
and circuitry have not been described in detail to avoid unnec 
essarily obscuring aspects of the present invention. 

Reference herein to “one embodiment' or “an embodi 
ment’ means that a particular feature, structure, or character 
istic described in connection with the embodiment can be 
included in at least one embodiment of the invention. The 
appearances of the phrase “in one embodiment in various 
places in the specification are not necessarily all referring to 
the same embodiment, nor are separate or alternative embodi 
ments mutually exclusive of other embodiments. Further, the 
order of blocks in process flowcharts or diagrams represent 
ing one or more embodiments of the invention do not inher 
ently indicate any particular order nor imply any limitations 
in the invention. 
To facilitate the description of the present invention, it 

deems necessary to provide definitions for some terms that 
will be used throughout the disclosure herein. It should be 
noted that the definitions following are to facilitate the under 
standing and describe the present invention according to an 
embodiment. The definitions may appear to include some 
limitations with respect to the embodiment, the actual mean 
ing of the terms has applicability well beyond such embodi 
ment, which can be appreciated by those skilled in the art: 
FEA stands for Finite Element Analysis. 
Implicit FEA or solution refers to Ku-F, where K is the 

effective stiffness matrix, u is the unknown displacement 
array and F is the effective loads array. F is a right hand side 
loads array while K is a left hand side stiffness matrix. The 
solution is performed at the global level with a factorization of 
the effective stiffness matrix, which is a function of the stiff 
ness, mass and damping. One exemplary Solution method is 
the Newmark time integration scheme. The thermal analog to 
the above, is that K is the effective conductance matrix, u is 
the unknown temperature array and F is the effective thermal 
load array. One exemplary solution method is the Crank 
Nicolson time integration scheme. 

Explicit FEA refers to Ma=F, where “M” is the diagonal 
mass array, 'a' is the unknown nodal acceleration array and 
“F” is the effective loads array. The solution can be carried out 
at element level without factorization of a matrix. One exem 
plary solution method is called the central difference method. 

Time-marching simulation or time-domain analysis refers 
to an engineering analysis simulation in time domain, for 
example, a simulation of thermal fluid-structure interaction 
between the cooling fluid and the die of a metal forming press 
using a finite element analysis in time domain. 
Beam element refers to a one-dimensional finite element 

defined by two end nodes. The beam carries an axial stress 
and three shear stresses that may vary across the cross section, 
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when the beam is under Straining force. Axial strain of the 
beam is defined as amount of stretch in the axial direction of 
the beam. For example, when a beam is stretched from origi 
nal length L to an elongated length (L+8) by a tension axial 
force, the axial straine is defined as the total elongation 6 per 
unit length (i.e., e=ö/L). The thermal analog to the above is 
that the beam carries an axial temperature gradient and mate 
rial mass flow rate. 

Shell element refers to a two-dimensional element defined 
by an area, for example, a triangular element, a quadrilateral 
element, etc. 

Solid element refers to a three-dimensional volumetric 
finite element, for example, a 4-node tetrahedral element, an 
8-node hexahedral element, etc. 

Embodiments of the present invention are discussed herein 
with reference to FIGS. 2A-6. However, those skilled in the 
art will readily appreciate that the detailed description given 
herein with respect to these figures is for explanatory pur 
poses as the invention extends beyond these limited embodi 
mentS. 

Referring first to FIG. 2A, a first exemplary flow path 220 
is shown. The flow path 220 comprises an inlet 222 and an 
outlet 224, in which fluid enters and exits the flow path 220, 
respectively. In one example, the flow path 220 may represent 
a cooling fluid passage embedded in a structure to be cooled 
(e.g., the die 114 of FIG. 1). In another example, the flow path 
220 may represent a cooling coil in a heat exchanger (e.g., 
radiator, refrigerator, etc.). FIG. 2B shows second exemplary 
flow paths 240a-n. Each of the flow paths 240a-n includes 
corresponding inlet 242a-n and outlet 244a-in. Another 
embodiment is that an inlet header manifold connects to all 
the flow inlets 242a-n and an exit header manifold connects to 
all the flow outlets 244a-n. The second flow paths 240a-n may 
be configured to cool a relatively large structure. For illustra 
tion simplicity, both the first flow path 220 and the plurality of 
second flow paths 240 are shown as objects orientated on a 
two-dimensional plane. In reality, any of the flow paths may 
be a passage that twists and turns in a three-dimensional 
space. The objective is to place the fluid passage in an orien 
tation that is best Suited for providing heat exchange effi 
ciently and effectively. According to one aspect of the present 
invention, an arbitrary shaped three-dimensional fluid path is 
created from a definition of a number of contiguous line 
segments. In one embodiment, the line segments can be 
defined interactively by a user using a graphic user interface 
of a preprocessor of a finite element analysis software mod 
ule. 

In order to simulate thermal interaction of the fluid along 
flow paths, according to an embodiment of the present inven 
tion, a special purpose finite element bulk flow fluid ele 
ment (BFFE) 300 is created as shown in FIG. 3. Each BFFE 
300 comprises the following characteristics: 1) at least one 
surrounding layer of solid elements 302 representing either 
the surrounding structure or the pipe wall; 2) a layer of shell 
elements or Bulk Node Segments 304 representing the outer 
boundary of the fluid; 3)a center node or Bulk Node 306 at the 
center of the BFFE for defining fluid properties (e.g., density, 
specific heat) and Volume (i.e., fluid Volume is calculated as 
the enclosed volume between the Bulk Node and all of the 
Bulk Node Segments that surround it); 4) a fluid flow beam 
element or Bulk Node Element 308 for defining fluid flow 
path to another BFFE; and 5) a contact interface 310 between 
the solid elements and the shell elements for conducting 
fluid-structure thermal interaction. 

With the volume and fluid properties associated with each 
Bulk Node 306, BFFE300 is configured to represent a homo 
geneous Volume or mass of fluid (e.g., fluid slug defined 
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6 
below in FIG. 4A at a uniform temperature. Bulk Node 306 
can be defined by known methods, for example, coordinate 
(x,y,z) in a Cartesian coordinate system in three-dimension 
space, where x, y and Z are real numbers and coordinate 
(x,y,z) uniquely defines a point in space. Each Bulk Node 
Segment 304 is either a quadrilateral or triangular surface 
area representing pipe wall or fluid passage Surface, which 
surrounds the Bulk Node 306. Within a BFFE 300, heat 
exchange or thermal interaction between the Bulk Node 306 
and each of the Bulk Node Segments 304 is through convec 
tion and radiation. Bulk Node Element 308 associates one 
BFFE 300 to another by connecting respective Bulk Nodes 
306. This allows calculation of the conduction and advection 
thermal interaction or heat exchange between respective Bulk 
Nodes 306 in the flow direction. 
An example of fluid along a flow path is shown in FIG. 4A, 

which is a diagram showing a series of fluid slugs 412a-n 
representing bulk flow fluid inside a pipe 402, according to an 
embodiment of the present invention. The pipe 402 represents 
a fluid flow path (e.g., first path 220, second paths 240a-n). 
Each of the plurality of fluid slugs 412a-n can be modeled 
with a respective BFFE 300. The length of each slug 412 is 
configured by a user or by an automated means (e.g., a soft 
ware module loaded on a computer). One ordinary skill in the 
art would know how best to divide the fluid along a flow path 
to achieve the objective of simulating thermal fluid-structure 
interaction to design a structure. For example, certain portion 
of the flow path may require more BFFES due to higher rates 
of heat exchange. 

Although the fluid slugs 412a-n may appear to have the 
same size in FIG. 4A, the fluid slug 412a-n may have different 
size from each other. An axial direction view of the pipe 402 
is shown in FIG. 4B. The circular cross-section of the pipe 
402 is just an example. Any other closed shape (e.g., ellipse, 
triangle, quadrilateral, or irregular polygon) is permitted in 
the present invention. 

Thermal interaction between each slug 412a-n (repre 
sented by Bulk Node Segments 304) and the pipe wall or 
surrounding structure (represented by solid elements 302) is 
conducted via the contact interface 310 of the BFFE 300. The 
heat exchange between two fluid slugs associated by the fluid 
beam element 308 is via conduction and advection. To simu 
late continuous thermal interaction between these compo 
nents, a time-marching or time-domain analysis is conducted 
using a finite element analysis Software module. The time 
marching analysis comprises a number of Solution cycles. At 
each solution cycle, the thermal interactions of each BFFE 
and between two associated BFFEs are calculated. As a result, 
a time history of thermal interactions is calculated and evalu 
ated for designing a heat exchange system (e.g., a set of 
cooling passages for a die in a metal-forming press). 

Referring now to FIGS.5A and 5B, a flowchart is collec 
tively shown to illustrate an exemplary process 500 of simu 
lating thermal fluid-structure interaction using bulk flow fluid 
element in a finite element analysis of a structure, according 
to an embodiment of the present invention. Process 500 may 
be implemented in software and preferably understood in 
conjunction with previous figures. 

Process 500 starts by receiving a bulk flow fluid and path 
definition at step 502, for example, placement of cooling 
passage in a die of a metal forming press, or orientation of 
piping in a radiator. The bulk fluid and path definition may 
contain one or more bulk flow fluid paths. Each path is con 
figured to facilitate a particular kind of fluid. 
The received information is fed into a finite element analy 

sis software module (loaded on a computer's memory as 
described in descriptions associated with FIG. 6 below) either 
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directly or indirectly via well known methods. An exemplary 
well known method is to utilize a pre-processing Software 
module with graphic user interface. Another well known 
method is to manually enter the received definitions accord 
ing to a predefined input format of the finite element analysis 
(FEA) software module. 

Next at step 504, a plurality of fluid slugs is defined along 
each of the received flow paths. Each slug represents a portion 
of the fluid along the flow path. At center of each fluid slug, a 
node (i.e., Bulk Node 306) is also defined. Then the fluid flow 
beam element (i.e., Bulk Node Element 308) is defined at step 
506. The fluid flow beam element is configured to associate 
two connected fluid slugs and to indicate the fluid flow direc 
tion. Each fluid slug comprises a Volume that can be deter 
mined by a length and a cross-section area. At step 508, fluid 
Volume, density, specific heat and thermal conductivity of 
each fluid slug is assigned to the corresponding Bulk Node. 
The fluid properties may be received together with the fluid 
and flow path definition, may also be received in a separate 
operation. 

At step 510, at least one layer of solid elements 302 for each 
fluid slug are generated as Surrounding structure or pipe. 
Exemplary solid element may include hexahedron (8-node 
solid), tetrahedron (4-node solid), or other types of three 
dimensional element. Depending upon the length of each 
fluid slug, the layer of solid elements may contain more than 
one element in the axial direction of the fluid slug (e.g., two 
elements are shown in FIG. 3). At step 512, a layer of shell 
elements (i.e., Bulk Node Segments 304) are generated as 
outer boundary of each fluid slug. Similar to the solid ele 
ments, the shell elements may contain triangular element, 
quadrilateral element, or other types of two-dimensional sur 
face element. Then, at step 514, a contact interface 310 is 
created between each shell element 304 and the correspond 
ing inner surface of respective solid element 302. The contact 
interface 310 is configured to conduct heat exchange or ther 
mal interaction between the fluid (represented by shell ele 
ments) and the structure (represented by Solid elements). 

After step 514, each of the fluid slugs can be referred to as 
a bulk flow fluid element (BFFE)300 of FIG. 3. Next, at step 
520, initial boundary condition (e.g., temperature of struc 
ture, temperature offluid at inlet or outlet, fluid speed through 
the flow path, etc.) is defined such that a thermal fluid-struc 
ture interaction simulation can be performed in a time 
domain, for example, a time-marching analysis with a num 
ber of solution cycles. 

The thermal fluid-structure interaction simulation is then 
conducted at a current solution cycle at step 522. The thermal 
interaction includes heat exchange between structure and 
fluid for each BFFE through radiation and convection, and 
between two associated BFFEs through conduction and 
advection in the flow direction. After the solution is com 
pleted in the current Solution cycle, the simulation time is 
incremented by a time increment (At) at step 524. In other 
words, the current solution cycle is advanced in time. Next at 
decision 526, it is determined whether the simulation has 
been finished through a known method. For example, the 
simulation time at the current solution cycle is compared with 
a predefined total simulation time, if the current solution 
cycle time has reached the total simulation time, then the 
simulation has reached the end. 

If no at decision 526, process 500 moves back to step 522 
to repeat another thermal fluid-structure interaction simula 
tion until decision 526 becomes 'yes' and process 500 ends. 

Process 500 is configured for performing a time-marching 
thermal fluid-structure interaction simulation for one con 
figuration of a structure. For example, a particular set of 
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8 
cooling passages of a die in a metal forming press is simulated 
and analyzed. Any new improvement or adjustment may be 
made to the arrangement or placement (i.e., the fluid and flow 
path definition) of the cooling fluid passages thereafter. 
Another simulation can then be performed for the adjusted 
configuration until a desired configuration has been reached 
Subject to a predefined criterion (e.g., cooling can be achieved 
in certain amount of time). 

According to one aspect, the present invention is directed 
towards one or more computer systems capable of carrying 
out the functionality described herein. An example of a com 
puter system 600 is shown in FIG. 6. The computer system 
600 includes one or more processors, such as processor 604. 
The processor 604 is connected to a computer system internal 
communication bus 602. Various software embodiments are 
described in terms of this exemplary computer system. After 
reading this description, it will become apparent to a person 
skilled in the relevant art(s) how to implement the invention 
using other computer systems and/or computer architectures. 
Computer system 600 also includes a main memory 608, 

preferably random access memory (RAM), and may also 
include a secondary memory 610. The secondary memory 
610 may include, for example, one or more hard disk drives 
612 and/or one or more removable storage drives 614, repre 
senting a floppy disk drive, a magnetic tape drive, an optical 
disk drive, etc. The removable storage drive 614 reads from 
and/or writes to a removable storage unit 618 in a well-known 
manner. Removable storage unit 618, represents a floppy 
disk, magnetic tape, optical disk, etc. which is read by and 
written to by removable storage drive 614. As will be appre 
ciated, the removable storage unit 618 includes a computer 
usable storage medium having stored therein computer soft 
ware and/or data. 

In alternative embodiments, secondary memory 610 may 
include other similar means for allowing computer programs 
or other instructions to be loaded into computer system 600. 
Such means may include, for example, a removable storage 
unit 622 and an interface 620. Examples of such may include 
a program cartridge and cartridge interface (such as that 
found in video game devices), a removable memory chip 
(such as an Erasable Programmable Read-Only Memory 
(EPROM), Universal Serial Bus (USB) flash memory, or 
PROM) and associated socket, and other removable storage 
units 622 and interfaces 620 which allow software and data to 
be transferred from the removable storage unit 622 to com 
puter system 600. In general, Computer system 600 is con 
trolled and coordinated by operating system (OS) software, 
which performs tasks such as process scheduling, memory 
management, networking and I/O services. Exemplary OS 
includes Linux(R), Microsoft Windows(R). 

There may also be a communications interface 624 con 
necting to the bus 602. Communications interface 624 allows 
software and data to be transferred between computer system 
600 and external devices. Examples of communications inter 
face 624 may include a modem, a network interface (Such as 
an Ethernet card), a communications port, a Personal Com 
puter Memory Card International Association (PCMCIA) 
slot and card, etc. Software and data transferred via commu 
nications interface 624 are in the form of signals 628 which 
may be electronic, electromagnetic, optical, or other signals 
capable of being received by communications interface 624. 
The computer 600 communicates with other computing 
devices over a data network based on a special set of rules 
(i.e., a protocol). One of the common protocols is TCP/IP 
(Transmission Control Protocol/Internet Protocol) com 
monly used in the Internet. In general, the communication 
interface 624 manages the assembling of a data file into 
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Smaller packets that are transmitted over the data network or 
reassembles received packets into the original data file. In 
addition, the communication interface 624 handles the 
address part of each packet so that it gets to the right destina 
tion or intercepts packets destined for the computer 600. In 
this document, the terms "computer program medium' and 
“computer usable medium' are used to generally refer to 
media Such as removable storage drive 614, and/or a hard disk 
installed in hard disk drive 612. These computer program 
products are means for providing software to computer sys 
tem 600. The invention is directed to such computer program 
products. 
The computer system 600 may also include an input/output 

(I/O) interface 630, which provides the computer system 600 
to access monitor, keyboard, mouse, printer, Scanner, plotter, 
and alike. 

Computer programs (also called computer control logic) 
are stored as application modules 606 in main memory 608 
and/or secondary memory 610. Computer programs may also 
be received via communications interface 624. Such com 
puter programs, when executed, enable the computer system 
600 to perform the features of the present invention as dis 
cussed herein. In particular, the computer programs, when 
executed, enable the processor 604 to perform features of the 
present invention. Accordingly, Such computer programs rep 
resent controllers of the computer system 600. 

In an embodiment where the invention is implemented 
using software, the Software may be stored in a computer 
program product and loaded into computer system 600 using 
removable storage drive 614, hard drive 612, or communica 
tions interface 624. The application module 606, when 
executed by the processor 604, causes the processor 604 to 
perform the functions of the invention as described herein. 
The main memory 608 may be loaded with one or more 

application modules 606 that can be executed by one or more 
processors 604 with or without a user input through the I/O 
interface 630 to achieve desired tasks. In operation, when at 
least one processor 604 executes one of the application mod 
ules 606, the results are computed and stored in the secondary 
memory 610 (i.e., hard disk drive 612). The status of the finite 
element analysis (e.g., temperature of each fluid slug) is 
reported to the user via the I/O interface 630 either in a text or 
in a graphical representation 

Although the present invention has been described with 
reference to specific embodiments thereof, these embodi 
ments are merely illustrative, and not restrictive of, the 
present invention. Various modifications or changes to the 
specifically disclosed exemplary embodiments will be Sug 
gested to persons skilled in the art. For example, whereas 
BFFE has been shown with a circular cross-section, other 
types of closed two-dimensional geometric shapes may be 
used, for example, triangle, square, or quadrilateral. Further 
more, whereas only one layer of Solid elements is shown in 
FIG.3, more than one layer of solid elements may be defined 
for representing Surrounding structure. In Summary, the scope 
of the invention should not be restricted to the specific exem 
plary embodiments disclosed herein, and all modifications 
that are readily suggested to those of ordinary skill in the art 
should be included within the spirit and purview of this appli 
cation and scope of the appended claims. 

What is claimed is: 
1. A method of designing a structure using a time-marching 

thermal fluid-structure interaction simulation in a finite ele 
ment analysis comprising: 
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10 
receiving a bulk flow fluid and path definition that includes 

one or more flow paths in the structure in a computer 
with a finite element analysis application module 
installed thereon; 

defining a plurality of fluid slugs along each of the flow 
paths in the computer, the plurality of fluid slugs is 
represented by at least a first bulk flow fluid element 
(BFFE) and a second BFFE, wherein each of the first and 
second BFFEs comprises a set of thermal interaction 
characteristics pertinent to corresponding one of the 
fluid slugs, and the first BFFE and the second BFFE are 
connected to each other in a flow direction of said each 
of the flow paths; and 

creating a desirable configuration of the structure based on 
the finite element analysis’s results obtained by conduct 
ing a time-marching thermal fluid-structure interaction 
simulation of the structure at a plurality of solution 
cycles, wherein the finite element analysis’s results 
comprise effects from a first thermal interaction at said 
each of the first and second BFFEs and from a second 
thermal interaction between the first BFFE and the sec 
ond BFFE at each of the solution cycles. 

2. The method of claim 1, wherein said each of the flow 
paths comprises a continuous arbitrary three-dimensional 
passage with a flow inlet and a flow outlet, wherein the flow 
direction is from the flow inlet to the flow outlet. 

3. The method of claim 1, wherein said each of the fluid 
slugs comprises a homogeneous Volume of fluid at a uniform 
temperature, wherein the homogeneous Volume is deter 
mined by a length and a cross-section area of said each of the 
fluid slugs. 

4. The method of claim 3, wherein the set of thermal 
interaction characteristics comprises a center node, located in 
a center of said each fluid slugs, configured for defining the 
homogeneous Volume, the fluid density and the specific heat 
of said each of the fluid slugs. 

5. The method of claim 4, wherein the set of thermal 
interaction characteristics comprises a layer of shell elements 
configured for representing outer boundary of said each fluid 
slugs. 

6. The method of claim 5, wherein the set of thermal 
interaction characteristics comprises at least one layer of 
Solid elements configured for representing the structure Sur 
rounding said each of the fluid slugs. 

7. The method of claim 6, wherein the set of thermal 
interaction characteristics comprises a layer of contact inter 
faces located between the shell elements and inner surface of 
the solid elements. 

8. The method of claim 3, wherein the set of thermal 
interaction characteristics comprises a fluid flow beam ele 
ment, situated in axial centerline of said each of the fluid 
slugs, configured for connecting said first BFFE and said 
Second BFFE. 

9. The method of claim 1, wherein said first thermal inter 
action is conducted via heat radiation and convection. 

10. The method of claim 1, wherein said second thermal 
interaction is conducted via heat conduction and advection. 

11. A system for designing a structure using a time-march 
ing thermal fluid-structure interaction simulation in a finite 
element analysis comprising: 

a main memory for storing computer readable code for a 
finite element analysis application module: 

at least one processor coupled to the main memory, said at 
least one processor executing the computer readable 
code in the main memory to cause the finite element 
analysis application module to perform operations by a 
method of: 
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receiving a bulk flow fluid and path definition that includes 
one or more flow paths in the structure; 

defining a plurality of fluid slugs along each of the flow 
paths, the plurality of fluid slugs is represented by at 
least a first bulk flow fluid element (BFFE) and a second 
BFFE, wherein each of the first and second BFFEs com 
prises a set of thermal interaction characteristics perti 
nent to corresponding one of the fluid slugs, and the first 
BFFE and the second BFFE are connected to each other 
in flow direction of said each of the flow paths; and 

performing a time-marching thermal fluid-structure inter 
action simulation of the structure at a plurality of Solu 
tion cycles in the finite element analysis, wherein the 
time-marching thermal fluid-structure interaction simu 
lations result includes effects from a first thermal inter 
action at said each of the first and second BFFEs and 
from a second thermal interaction between the first 
BFFE and the second BFFE at each of the Solution 
cycles, whereby a desirable configuration of the struc 
ture can be designed based on the result. 

12. The system of claim 11, wherein said each of the fluid 
slugs comprises a homogeneous Volume of fluid at a uniform 
temperature, wherein the homogeneous Volume is deter 
mined by a length and a cross-section area of said each of the 
fluid slugs. 

13. The system of claim 12, wherein the set of thermal 
interaction characteristics comprises a layer of shell elements 
configured for representing outer boundary of said each fluid 
slugs. 

14. The system of claim 13, wherein the set of thermal 
interaction characteristics comprises at least one layer of 
Solid elements configured for representing the structure Sur 
rounding said each of the fluid slugs. 

15. The system of claim 14, wherein the set of thermal 
interaction characteristics comprises a layer of contact inter 
faces located between the shell elements and inner surface of 
the solid elements. 

16. The system of claim 11, wherein the set of thermal 
interaction characteristics comprises a fluid flow beam ele 
ment, situated in axial centerline of said each of the fluid 
slugs, configured for connecting said first BFFE and said 
Second BFFE. 
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17. A computer-readable storage medium containing 

instructions for controlling a computer system to perform a 
time-marching thermal fluid-structure interaction simulation 
in a finite element analysis by a method comprising: 

receiving a bulk flow fluid and path definition that includes 
one or more flow paths in the structure in a computer; 

defining a plurality of fluid slugs along each of the flow 
paths in the computer, the plurality of fluid slugs is 
represented by at least a first bulk flow fluid element 
(BFFE) and a second BFFE, wherein each of the first and 
second BFFEs comprises a set of thermal interaction 
characteristics pertinent to corresponding one of the 
fluid slugs, and the first BFFE and the second BFFE are 
connected to each other in flow direction of said each of 
the flow paths; and 

performing a time-marching thermal fluid-structure inter 
action simulation of the structure at a plurality of Solu 
tion cycles in the finite element analysis, wherein the 
time-marching thermal fluid-structure interaction simu 
lation's result includes effects from a first thermal inter 
action at said each of the first and second BFFEs and 
from a second thermal interaction between the first 
BFFE and the second BFFE at each of the Solution 
cycles, whereby a desirable configuration of the struc 
ture can be designed based on the result. 

18. The computer-readable storage medium of claim 17, 
wherein said each of the fluid slugs comprises a homoge 
neous volume of fluid at a uniform temperature, wherein the 
homogeneous Volume is determined by a length and a cross 
section area of said each of the fluid slugs. 

19. The computer-readable storage medium of claim 18, 
wherein the set of thermal interaction characteristics com 
prises a center node, located in a center of said each fluid 
slugs, configured for defining the homogeneous Volume, the 
fluid density and the specific heat of said each of the fluid 
slugs. 

20. The computer-readable storage medium of claim 17, 
wherein the set of thermal interaction characteristics com 
prises a fluid flow beam element, situated in axial centerline 
of said each of the fluid slugs, configured for connecting said 
first BFFE and said second BFFE. 
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